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,QWURGXFWLRQ
6WHHO ILEHU UHLQIRUFHG FRQFUHWH 6)5& LV EHLQJ LQFUHDVLQJO\ XVHG LQ VKRWFUHWH DV WXQQHO OLQLQJV SUHFDVW
VWUXFWXUHVRIIVKRUHSODWIRUPVZDWHUUHWDLQLQJVWUXFWXUHVVWUXFWXUHVLQKLJKVHLVPLFULVNDUHDVEULGJHVLQGXVWULDORU
IDFWRU\SDYHPHQWVKLJKZD\VURDGVSDUNLQJDUHDVEULGJHGHFNVDLUSRUWUXQZD\VDQGDOVRLQYHUVDWLOHHQJLQHHULQJ
VWUXFWXUHV ,Q FRQFUHWH SDYHPHQWV VWHHO ILEHUV DUH SDUWLFXODUO\ VXLWDEOH ERWK IRU OLPLWLQJ VKULQNDJH HIIHFWV DQG IRU
LQFUHDVLQJIDWLJXHUHVLVWDQFH6WHHOILEHUVFDQEHVXEVWLWXWHGWRWDOO\RUSDUWLDOO\IRUFRQYHQWLRQDOUHLQIRUFHPHQWWKXV
UHGXFLQJ WKHZRUNLQJ WLPH IRU SODFLQJ FRQYHQWLRQDO UHLQIRUFHPHQW UHLQIRUFLQJEDUV RUZHOGHGPHVK DQG FXWWLQJ
FRQVWUXFWLRQFRVWV
6WHHO ILEHU UHLQIRUFHG FRQFUHWH 6)5& LV D FRPSRVLWH PDWHULDO ZKRVH FRPSRQHQWV LQFOXGH WKH WUDGLWLRQDO
FRQVWLWXHQWV RI SRUWODQG FHPHQW FRQFUHWH K\GUDXOLF FHPHQW ILQH DQG FRDUVH DJJUHJDWHV DQG DGPL[WXUHV DQG D
GLVSHUVLRQRIUDQGRPO\RULHQWHGVKRUWGLVFUHWHVWHHOILEHUV>@7KHXVHRIVWHHOILEHUUHLQIRUFHGFRQFUHWH6)5&LV
LQFUHDVLQJGXHWRLWVLPSURYHGPDWHULDODQGVWUXFWXUDOEHKDYLRUUHODWLYHWRSODLQFRQFUHWHDQGHYHQWRFRQYHQWLRQDOO\
UHLQIRUFHGFRQFUHWHZLWKWKHVDPHVWHHOYROXPHIUDFWLRQ2QHRI WKHPRVWEHQHILFLDODVSHFWVRI WKHXVHRIILEHUV LQ
FRQFUHWH VWUXFWXUHV LV WKDW QRQEULWWOH EHKDYLRU DIWHU FRQFUHWH FUDFNLQJ FDQ EH DFKLHYHGZLWK ILEHUV $GGLQJ VWHHO
ILEHUV LQFUHDVHVXOWLPDWHVKHDUVWUHQJWK UHGXFHVGHIOHFWLRQV LQFUHDVHVVWLIIQHVVDQG WUDQVIRUPVIDLOXUHPRGHVIURP
EULWWOHDQGGDQJHURXVVKHDUIDLOXUHVLQWRPRUHGXFWLOHIOH[XUDOIDLOXUHV>@6WHHOILEHUUHLQIRUFHPHQWLVDOVRHIIHFWLYH
LQ LQFUHDVLQJ SXQFKLQJ VKHDU UHVLVWDQFH DQG GHIRUPDWLRQ FDSDFLW\ RI VODEFROXPQ FRQQHFWLRQV XQGHU FRPELQHG
JUDYLW\ORDGDQGODWHUDOGLVSODFHPHQWUHYHUVDOV>@
$ )LQLWH (OHPHQW $QDO\VLV )($ VRIWZDUH SDFNDJH$16<6  LV XVHG WR DQDO\]H WKH VKHDU FDSDFLWLHV DQG
LQWURGXFHDJRRGFRQFUHWHPRGHOIRUVWHHOILEHUUHLQIRUFHGFRQFUHWH6)5&DVZHOODVSODLQFRQFUHWHPDGHRIEULFN
DQGVWRQHDJJUHJDWH5HVXOWVJDWKHUHGIURPILQLWHHOHPHQWDQDO\VHVDUHYDOLGDWHGZLWKWKHH[SHULPHQWDOWHVWUHVXOWVE\












WKLV NLQG RI VWHHO ILEHUV 7KUHH NLQGV RI VKHDU FDSDFLW\ DUH WHVWHG LH VLQJOH VKHDU 66 GRXEOH VKHDU '6 DQG
IOH[XUDO VKHDU )6&RQFUHWHV DUHPDGH RI23& LH2UGLQDU\ 3RUWODQG FHPHQW 2$OO WKH VKHDU VSHFLPHQV DUH
WHVWHG LQ D N1 FDSDFLW\ GLJLWDO XQLYHUVDO WHVWLQJPDFKLQH 8707KH VWUDLQ GDWD DUHPHDVXUHG E\ DSSO\LQJ
GLJLWDOLPDJHFRUUHODWLRQWHFKQLTXH',&7XVLQJKLJKGHILQLWLRQ+'LPDJHVDQGKLJKVSHHGYLGHRFOLSVDQGWKHVH
GDWD DUH V\QWKHVL]HGZLWK WKH ORDG GDWD IURP WKH ORDG FHOO RI870ZKLFK LV DOVR DSSOLHG LQ WKHZRUN RI ,VODP
>@DQG,VODPHWDO>@([SHULPHQWDOWHVWVVKRZWKHLQFUHDVHLQVKHDUFDSDFLW\RIDERXWWRRI
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)(PRGHOLQJDQDO\VHVDQGYDOLGDWLRQ
3.1. FE modeling and analyses 
7KHVKHDUVSHFLPHQVDUHPRGHOHGRQWKH)(SODWIRUPRI$16<662/,'LVXVHGWRPRGHOWKHFRQFUHWH
DQGDOVR6)5&7KHHOHPHQWLVGHILQHGE\HLJKWQRGHVKDYLQJWKUHHGHJUHHVRIIUHHGRPDWHDFKQRGHWUDQVODWLRQVLQ

















&RQFUHWH LVDTXDVLEULWWOHPDWHULDODQGKDVGLIIHUHQWEHKDYLRU LQ WHQVLRQDQGFRPSUHVVLRQ ,QFRPSUHVVLRQ WKH
VWUHVVVWUDLQFXUYHIRUFRQFUHWHLVOLQHDUO\HODVWLFXSWRSHUFHQWRIWKHPD[LPXPFRPSUHVVLYHVWUHQJWK$ERYHWKLV










WKHFRQFUHWHVSHUIHFWO\ 7\SLFDO VKHDU WUDQVIHUFRHIILFLHQWV UDQJH IURP WRZLWK UHSUHVHQWLQJD VPRRWK
FUDFN FRPSOHWH ORVV RI VKHDU WUDQVIHU DQG  UHSUHVHQWLQJ D URXJK FUDFN QR ORVV RI VKHDU WUDQVIHU 7KH VKHDU





ORDGLQJ DQG HDFK ORDG LV SODFHG DW D GLVWDQFH RI LQ  PP IURP WKH HQG VXSSRUWV /RDGLQJ LV DSSOLHG DV
GLVSODFHPHQWERXQGDU\FRQGLWLRQ6XSSRUWVDUHSODFHGLQPPIURPWKHHGJHRIWKHEHDP7KHVSDQEHWZHHQ
WKH WZRVXSSRUWV LV LQ PP7KHVHEHDPVDUH UHVWUDLQHGRQO\YHUWLFDOO\DV LW LV WHVWHGH[SHULPHQWDOO\7KH












WKH )( PRGHOLQJ GLVSODFHPHQW ERXQGDU\ FRQGLWLRQ LV DSSOLHG WR SURYLGH WKH DFWXDO ORDGLQJ HQYLURQPHQW 7KH
GLVSODFHPHQWERXQGDU\FRQGLWLRQLVDSSOLHGLQVWHSVIROORZHGE\VXEVWHSVIRUHDFKVWHS
)LQLWH(OHPHQWPRGHOLQJUHTXLUHVRSWLPXPPHVKVL]HIRUEHWWHUDQDO\VLV$VXLWDEOHPHVKVL]HKHOSVWRDFKLHYH
VXIILFLHQW DFFXUDF\DQGDOVRVDYHV WLPH0HVK VL]HPD\YDU\ LQ WKHDQDO\VLVRI D VLQJOH VWUXFWXUH'LIIHUHQWPHVK
DOLJQPHQWVJHQHUDOO\JLYHVOLJKWO\YDU\LQJVROXWLRQV,QIDFWLQUHDOOLIHSUREOHPVPHVKVL]HLVFRQVWDQWO\UHILQHGWR
JHWD UHSUHVHQWDWLYH VROXWLRQ7RJHW WKHDFFXUDWH UHVXOWV VWUHVVYVQXPEHURIHOHPHQW FXUYH LVSORWWHGDQGIRXQG
LQWHUHVWLQJ UHODWLRQVKLS EHWZHHQ WKHP )LJ  7KH VWUHVV FKDQJHVZLWK WKH LQFUHDVH RI QXPEHU RI HOHPHQWV RI D
VSHFLPHQEXWDWDFHUWDLQSRLQWWKHFXUYHEHFRPHVKRUL]RQWDO,WPHDQVDIWHUDFHUWDLQQXPEHURIHOHPHQWVWKHVWUHVV
GRHV QRW YDU\ VLJQLILFDQWO\ 7KH DPRXQW RI HOHPHQWV DW WKH KRUL]RQWDO ORFDWLRQ RI VWUHVV YV QXPEHU RI HOHPHQWV
FXUYHVDUHFRQVLGHUHGGXULQJ)(PHVKLQJRIDSDUWLFXODUVSHFLPHQ)LJD WRFVKRZV WKDWDWD ORZQXPEHURI




3.2. Validation of shear capacity and failure patterns 
7KH YDOLGDWLRQV RI )( DQDO\VLV E\ $16<6  RI VKHDU VSHFLPHQV ZLWK WKH UHVXOWV JDWKHUHG IURP WKH
H[SHULPHQWDOPHDVXUHPHQWVDUH VKRZQ LQ)LJ D WR OZKLFKVDWLVIDFWRULO\GHPRQVWUDWHV WKHDFFXUDF\RI WKH)(
PRGHORISODLQFRQFUHWHDVZHOODV6)5&PDGHRIEULFNDQGVWRQHFRQFUHWHVSHFLPHQV7KHVKHDUVWUHVVHVRIIOH[XUDO
VKHDUVSHFLPHQVDUHWDNHQQHDUVXSSRUWDWWKHQRWFKORFDWLRQVIRUWKHVLQJOHVKHDUDQGGRXEOHVKHDUVSHFLPHQV7KH





YDOLGLW\ RI WKH PRGHOLQJ DQG DQDO\VHV 7\SLFDO IDLOXUH SDWWHUQV DQG VWUHVV FRQWRXUV RI 6)5& EULFN FRQFUHWH
VSHFLPHQVIURPH[SHULPHQWDODQG)(DQDO\VHVDUHSURYLGHG LQ7DEOH,WVKRZV WKHVLPLODULWLHVRI IDLOXUHSDWWHUQ
EHWZHHQ WKH H[SHULPHQWDO VSHFLPHQV DQG WKH )(PRGHOV XVLQJ $16<6 7KLV LQGLFDWHV WKDW WKH )(PRGHOLQJ RI
6)5&VSHFLPHQVXVLQJWKHSHUWLQHQWSDUDPHWHUVJDWKHUHGIURPH[SHULPHQWDOWHVWLQJDUHYDOLGDWHGDQGWKHUHUHPDLQV
DJRRGDJUHHPHQWDVZHOODVLWFDQEHXVHGLQIXWXUH6)5&PRGHOVWRSUHGLFWWKHVKHDUFDSDFLW\HQKDQFHPHQWV
3.3. Critical investigation via FE analyses 
7KH)(PRGHOVGLVFXVVHGLQWKLVSDSHUDUHIXUWKHUDQDO\]HGWRHYDOXDWH WKHVKHDUVWUHVVGLVWULEXWLRQDWGLIIHUHQW
ORFDWLRQVZKLFKLVQRWVRHDV\WDVNWRILQGH[SHULPHQWDOO\)LJDWROVKRZVWKHVKHDUVWUHVVGLVWULEXWLRQGXHWR







































IOH[XUHGRXEOH VKHDUDQGVLQJOH VKHDU7KHVKHDU VWUHVVHVDUHSORWWHGDJDLQVW ORDGVWHSVDQGJUDGXDO LQFUHPHQWRI
VKHDUVWUHVVLVFOHDUO\IRXQG7KHVKHDUVWUHVVLVIRXQGPD[LPXP)LJDDQGEQHDUQHXWUDOD[LVZKLFKVDWLVILHVWKH
























































































































































































































































































































































































































































































































































>@00 ,VODP ,QWHUDFWLRQ GLDJUDPV RI VTXDUH FRQFUHWH FROXPQV FRQILQHGZLWK ILEHU UHLQIRUFHG SRO\PHUZUDSV06F (QJLQHHULQJ 7KHVLV
'HSDUWPHQWRI&LYLO(QJLQHHULQJ%DQJODGHVK8QLYHUVLW\RI(QJLQHHULQJDQG7HFKQRORJ\'KDND$XJXVW
>@00,VODP06,&KRXGKXU\0$EGXOOD$)06$PLQ&RQILQHPHQW(IIHFWRI)LEHU5HLQIRUFHG3RO\PHU:UDSVLQ&LUFXODUDQG6TXDUH
&RQFUHWH &ROXPQV WK $QQXDO 3DSHU 0HHW DQG VW &LYLO (QJLQHHULQJ &RQJUHVV &LYLO (QJLQHHULQJ 'LYLVLRQ ,QVWLWXWLRQ RI (QJLQHHUV
%DQJODGHVK,(%'HFHPEHU$ZDUGHGEHVWSDSHU
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>@$16<66WUXFWXUDO$QDO\VLV*XLGH9HUVLRQ$16<6,QF&DQRQVEXUJ3HQQV\OYDQLD





)53 /DPLQDWHV &DOLIRUQLD 3RO\WHFKQLF 6WDWH 8QLYHUVLW\ 6DQ /XLV 2ELVSR &$ DQG 2UHJRQ 6WDWH 8QLYHUVLW\ &RUYDOOLV 25 IRU 2UHJRQ
'HSDUWPHQWRI7UDQVSRUWDWLRQ0D\
